Abstract. In this work, a chelating agent, ethylenediaminetetraacetic acid (EDTA) was used for the controllable synthesis of gold nanostructures in aqueous solution. Coral-shaped Au nanostructures were synthesized by reducing HAuCl 4 with EDTA. EDTA serves not only as a reducing agent but also as a particle capping agent in the formation of coral-shaped Au nanostructures. It is found that the molar ratio of HAuCl 4 :EDTA and reacted temperature play significant effects on the formation and growth of these novel nanostructures. These Au nanostructures could serve as highly sensitive and reproductive surface-enhanced Raman scattering (SERS) substrates for chemical and biological detection.
Introduction
Noble metal nanostructures have attracted considerable attentions because of their various applications such as imaging, catalysis, sensing, surface-enhanced Raman scattering (SERS), diagnostic, and therapy [1] [2] [3] [4] [5] [6] [7] . Shape-control provides an important strategy for designing metallic nanostructures to tailor their physical and chemical properties [8] [9] [10] [11] . For example, in the case of localized surface plasmon resonance (LSPR) and SERS, both computational and experimental studies have demonstrated that the shape of Au nanocrystals play the most important roles in determining the number, position, and intensity of LSPR modes, as well as the spectral region or polarization dependence for effective molecular detection by SERS [12, 13] . Therefore the synthesis of Au nanostructures with well-controlled morphology is important for developing their practical applications [14] [15] [16] [17] . A number of approaches have been reported for synthesizing gold nanoparticles with various non-spherical shapes including rods, wires, plates, belts, shells, and multipods [18] [19] [20] [21] [22] [23] . Although much progress has been made on shape-controllable synthesis of gold nanostructures, it is significantly more challenging to develop facile and effective solution approaches for systematic manipulation of the shape of Au nanostructures.
EDTA is a member of the polyamino carboxylic acid family of ligands, which is widely used in titration, analysis, separation and therapy because of its role as a chelating agent, i.e. its ability to "sequester" metal ions [24] . Nevertheless relatively little attention has been paid on the synthesis of metallic nanoparticles using EDTA as reducing agent [25] [26] [27] [28] . In this article, we report a facile strategy for one-pot synthesis of coral-shaped Au nanostructures using EDTA as reducing agent. Preliminary mechanisms have been proposed to account for the formation of these nanostructures. Moreover, these Au nanostructures show excellent SERS enhancement ability, which could serve as highly sensitive and reproductive SERS substrates for chemical and biological detection. In contrast to previous reports, the advantage of the proposed strategy includes simplicity, high yield, and good reproducibility. The coral-shaped Au nanostructures can provide several hot spots on a single particle, which significantly increases SERS enhancement [29] .
Experimental
Gold chloride hydrate (HAuCl 4 ·xH 2 O) and ethylenediaminetetraacetic acid (EDTA) were purchased from Sigma-Aldrich. All chemicals were used as received without further purification. Deionized water was used throughout the experiment. In a typical synthesis for coral-shaped Au nanostructures, a mixture containing 3.4 mg of HAuCl 4 , 2.9 mg of EDTA, and 100 mL of deionized water (the concentration of HAuCl 4 is 10 -4 mol/L; the molar ratio between HAuCl 4 and EDTA is 1:1) was prepared in a conical flask. The as-prepared mixture was stirred and heated to boiling. The solution was kept boiling for another 10 min and was then cooled down to room temperature. The product was collected by centrifugation and washed three times with water. Finally the product was dispersed in water for further characterization.
The sample for X-ray diffraction (XRD) measurement was prepared by drying the aqueous dispersion on a glass substrate. The XRD analysis was carried out on a Rigaku Ultima IV Multipurpose X-ray diffraction system with Cu (40 kV, 44 mA) radiation. The samples for scanning electron microscopy (SEM) and transmission electron microscopy (TEM) characterization were prepared by placing a drop of suspension onto a copper micro-grid coated with a lacey carbon film (Ted-Pella, USA) and then allowed to dry at room temperature. SEM and energy-dispersive X-ray (EDX) analysis were carried out using a Hitachi S-5500 at an accelerating voltage of 30 kV. TEM and high-resolution TEM analyses were performed using a JEOL JEM-2010F TEM equipped with a field emission gun operated at 200 kV. Raman spectra were obtained with an iHR 320 model spectrometer using a 785.1 nm excitation laser.
Results and Discussion
XRD analysis was performed to investigate the crystal structure of the product. (Fig. 2B ) reveals that these nanoparticles possess many "tentacles" with the diameter of several tens nanometers. The chemical composition of the nanostructure was determined by EDX spectroscopy. The EDX pattern (Fig. S1) obtained from the particles only shows the peak corresponding to Au, indicating that the product is pure Au metal. The coral-shaped nature of the Au nanostructure is further confirmed by the corresponding TEM image as shown in Fig. 2C. Fig. 2D shows the high-resolution TEM image taken on the top of one "tentacle" in Fig. 2C . The interplanar spacing was measured to be 0.235 nm, revealing that the growth of coral-shaped Au nanostructures occurs preferentially on (111) planes. We can clearly observe the presence of a twin boundary in the top of the "tentacle". Such twin boundaries are always observed for the branched Au nanostructures [30] .
The weak-beam dark-field (WBDF) electron microscopy technique has been proved to be a good method to observe defects on metal nanoparticles as faces linked by defects may appear with different contrasts. These defects are formed as a result of a minimization of the twin boundary energy [31] . Fig. 2E and F show typical WBDF TEM images of coral-shaped Au nanostructures taken in different region. The alternately dark and bright lines are observed on the "tentacle". This indicates that the hierarchical structures and twin crystal are present in coral-shaped Au nanostructures.
In our synthetic system, EDTA serves not only as a reducing agent but also as a particle capping agent. EDTA could be oxidized through decarboxylation by highly oxidative chemicals [32] . HAuCl 4 is a powerful oxidant with high reduction potential (+ 0.99 V vs standard hydrogen electrode, SHE) and EDTA serves as an electron donor for HAuCl 4 [25] [26] [27] [28] . According to the crystal growth theory (LaMer mechanism) [12, 33] , the formation process of nanoparticles is classified into the nucleation and growth stages. At first, EDTA, as a chelating agent, reacted with HAuCl 4 to form Au-EDTA chelate complex in aqueous solution. A color change of solution from yellow to red was observed, which expects small Au nanoparticles are formed at the initial nucleation phase. In the subsequent growth phase, EDTA also plays as capping a gent for the 
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Journal of Nano Research Vol. 14 Formation of coral-shape Au nanostructures [34] . When the molar ratio of HAuCl 4 :EDTA is increased to 2:1 from 1:1 in the typical synthesis, we only obtained nanoparticles with short humps on the surfaces as shown in Fig. 3A . The observation indicates that the excessive EDTA molecules contribute mainly to the formation of coral-shaped Au nanostructures. It is worthwhile mentioning that the reacted temperature plays an important factor in determining the morphology of the final Au nanostructures. Au nanoparticles with irregular aggregates (Fig. 3B) are only obtained at room temperature under otherwise identical condition. The redox reaction was dramatically accelerated at elevated temperature. It is reasonable to suggest that a quick nucleation is important to formation monodispersed coral-shaped nanostructures in the current process [35] . The coral-shaped Au nanostructures obtained in the typical synthesis at the boiling temperature have highly roughened surfaces, which can provide vast hot spots over the whole particle surface, can be served as SERS substrates for molecules sensing with high sensitivity and specificity. We evaluated the performance of coral-shaped Au nanostructures for SERS application using Rhodamine 6G (R6G) as a probe molecule. Fig. 4 shows the intense SERS signal of R6G dye molecules on these nanostructures using the 785 nm excitation. The observed Raman bands are assigned to ν(C-C) stretching of R6G mode at 1310, 1358, 1510, and 1646 cm -1 [36] . The assynthesized coral-shaped Au nanostructures may be a better candidate for fabricating SERS-active probes due to: (1) the tips of the nanoscale bumps or the tiny cavities on the Au nanostructures surface are potential hot spots for localized near-field enhancement effects and (2) there is a larger total surface area because of the roughness of the nanostructures surface. Therefore, coral-shaped Au nanostructures with rough surfaces exhibit strong Raman intensity enhancement in our present experiments, which could serve as highly sensitive and reproductive SERS substrates for chemical and biological detection [29] .
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Conclusion
We have successfully controlled the shape of gold nanostructures by a one-pot chemical synthesis in aqueous solution. EDTA has been demonstrated as reductant and architecture soft template for synthesizing coral-shaped Au nanostructures. Preliminary mechanisms have been proposed to account for the formation of these nanostructures. This strategy can be extended to control the shape of other noble metals. It is also worth mentioning that these novel Au nanostructures may find potential applications for cancer cell diagnostics, thermotherapy, and biological sensing.
52
Journal of Nano Research Vol. 14 
